Amorphous GaN 1−x As x layers with As content in the range of x = 0.1 to 0.6 were grown by molecular beam epitaxy on Pyrex glass substrate. These alloys exhibit a wide range of band gap values from 2.2 to 1.3 eV. We found that the density of the amorphous films is ϳ0.8-0.85 of their corresponding crystalline value. These amorphous films have smooth morphology, homogeneous composition, and sharp well defined optical absorption edges. The measured band gap values for the crystalline and amorphous GaN 1−x As x alloys are in excellent agreement with the predictions of the band anticrossing model. The high absorption coefficient of ϳ10 5 cm −1 for the amorphous GaN 1−x As x films suggests that relatively thin films ͑on the order of 1 m͒ are necessary for photovoltaic application.
It is well established that dramatic restructuring of the electronic bands can be achieved by alloying the anions of a semiconductor with elements of very different electronegativity and/or size. These alloys-the so called highly mismatched alloys ͑HMAs͒ ͑Ref. 1͒ have electronic and optical properties very different from their original host materials. These unusual properties arise from the restructuring of the conduction ͑valence͒ band of the alloys due to the anticrossing interaction between localized impurity states and the extended conduction ͑valence͒ band states of the matrix, as described by the band anticrossing model ͑BAC͒.
1,2 Typically only dilute HMAs ͑up to ϳ10%͒ can be grown due to large miscibility gaps arising from the large differences in atomic size and electronegativity of the host and the alloying elements. Notable examples of dilute HMAs that have been explored in recent years include dilute As-rich [2] [3] [4] [5] and N-rich GaN 1−x As x ͑Refs. 6-8͒ and dilute Te-rich ZnO x Te 1−x . 9 Recently, we overcame the miscibility gap of GaAs and GaN alloys using the low temperature molecular beam epitaxy ͑LT-MBE͒ growth method and synthesized GaN 1−x As x alloys in the whole composition range on sapphire substrate. 10, 11 We found an increase in As content with decreasing growth temperature. The alloys are amorphous in the composition range of 0.17Ͻ x Ͻ 0.75 and crystalline outside this region. The amorphous films have smooth morphology, homogeneous composition and sharp, well defined optical absorption edges. The bandgap energy varies in a broad energy range from ϳ3.4 eV in GaN to ϳ0.8 eV at x ϳ 0.85 and was found to be in excellent agreement with prediction of the BAC model. The spectral range covered by the GaN 1−x As x alloys provides an almost perfect fit to the solar spectrum offering the opportunity to design high efficiency multijunction solar cells using a single ternary alloy system. The amorphous nature of this alloy over a wide alloy range can also be advantageous since they can be deposited on low-cost glass substrate, further reducing the cost of such device. Recently we have demonstrated the growth of GaN 1−x As x alloys with a limited range of x on standard microscope glass slides at growth temperature below 250°C. 12 In this paper we report the structural and optical properties GaN 1−x As x alloys grown on Pyrex glass substrates by LT-MBE over a wide range of composition ͑x = 0.1 to 0.6͒.
All GaNAs samples were grown on 2 in. Pyrex substrates by plasma-assisted MBE in a MOD-GENII system. The system has a HD-25 Oxford Applied Research RF activated plasma source to provide active nitrogen and elemental Ga is used as the group III-source. In all experiments we have used arsenic in the form of As 2 produced by a Veeco arsenic valved cracker. For the growth of all GaNAs samples, we have used the same active N flux with the total N beam equivalent pressure ͑BEP͒ ϳ1.5ϫ 10 −5 Torr and the same deposition time ͑2 h͒ for the majority of the films. Since the Pyrex substrate is transparent, the growth temperature cannot be measured directly by a pyrometer. From the heater current we estimate the growth temperature to be in the range of 200-800°C.
The composition and crystallinity of the films were measured by combined Rutherford backscattering spectrometry ͑RBS͒ and particle induced x-ray emission ͑PIXE͒ using a 2 MeV He ion beam and x-ray diffraction ͑XRD͒, respectively. The microstructure of the GaN 1−x As x films was investigated using cross sectional transmission electron microscopy. A JEOL 3010 with 300 keV accelerating energy and a resolution of 2.4 Å, JEOL CM300 with sub-Angstrom resolution and a Philips Tecnai microscope for Z-contrast high resolution studies were used.
The band gaps of the films were measured using photomodulated reflectance ͑PR͒ at room temperature. Radiation from a 300 W halogen tungsten lamp dispersed by a 0.5 m monochromator was focused on the samples as a probe beam. A chopped HeCd laser beam ͑ = 442 or 325 nm͒ provided the photomodulation. PR signals were detected by a Si or Ge photodiode using a phase-sensitive lock-in amplification system. The values of the band gap and the line width were determined by fitting the PR spectra with the Aspnes third-derivative functional form. 13 The PR measured band gap of the GaNAs alloys is further confirmed by absorption spectroscopy using a LAMBDA-950 UV/Vis/NIR spectrophotometer over the range of 190-3300 nm. Figure 1 shows the As mole fraction ͑x͒ in GaN 1−x As x films measured by RBS/PIXE as a function of growth temperature under high ͑BEPϳ 1.1ϫ 10 −7 T͒ and low ͑BEP ϳ 7.1ϫ 10 −8 T͒ Ga flux condition, the dashed/dotted lines in the figure are quadratic fit of the data. As 2 flux in these growths was kept constant with BEPϳ 7.2ϫ 10 −6 Torr. A monotonic increase in the As incorporation in the film is observed as the growth temperature is reduced. We found that GaN 1−x As x films have smooth morphology and uniform composition under lower Ga flux conditions. XRD measurements show that all films grown at temperatures lower than 500°C are amorphous. While the GaN 1−x As x films are amorphous in the composition range of 0.17Ͻ x Ͻ 0.75 when grown on sapphire substrate, 11 for films grown on Pyrex substrates, the composition range for amorphous alloys extends to x ϳ 0.1. Figures 2͑a͒ and 2͑b͒ show the cross-sectional TEM micrographs for two GaN 1−x As x samples with x = 0.45 and 0.15. Both films show abrupt interfaces with the Pyrex substrate and a smooth surface. High resolution TEM micrographs ͓Figs. 2͑f͒ and 2͑g͔͒ show "pepper and salt" contrast typical of amorphous structure without any local fringe images corresponding to the medium range structure. This contrast uniformity is observed starting from the interface to the sample surface indicating structural homogeneity of both samples. The amorphous nature of the films is also confirmed by selective area electron diffraction pattern ͑SAD͒ taken under parallel beam illumination ͓Figs. 2͑c͒-2͑e͔͒. Halo rings are observed demonstrating that samples are amorphous. The diameter of the first halo rings in the SAD patterns from the two films are slightly different, with a smaller diameter for the sample with x = 0.45 compared to the sample with x = 0.15. This different in the halo ring diameter is consistent with the expected difference in the pair correlation function due to compositional change in the two samples. Moreover, a very weak intensity second ring is also observed for both these samples at higher scattering angles. A comparison of the areal densities measured by RBS and thickness values measured by TEM reveals that the density of the amorphous films is ϳ0.79 and 0.85 of their corresponding crystalline value ͑using Vegard's law͒ for GaN 1−x As x films with x = 0.45 and 0.15, respectively.
The critical optical transitions of the GaN 1−x As x samples were measured using PR spectroscopy. Figure 3 rather than localized nature of the band edge states. This is also consistent with an abrupt onset of the absorption edges and an absence of defused absorption tails that are typical in amorphous silicon. The band gap as measured by PR on the GaN 1−x As x films grown on Pyrex are shown in Fig. 4 together with data taken from films grown on sapphire. Band gap values for dilute alloys ͑As-rich 3 and N-rich 8 GaNAs͒ from the literature are also presented. The composition dependence of the band gap of GaN 1−x As x alloys over the entire composition range shown in Fig. 4 was calculated by a weighted interpolation of the BAC calculated curves for N-rich and As-rich dilute alloys. 8 Our experimental band gap data ͑both on sapphire and Pyrex͒ for the crystalline and amorphous GaN 1−x As x alloys are in excellent agreement with the BAC model. Given the fact that the calculated band gap in BAC model is an interpolation of results from dilute crystalline GaNAs and GaAsN alloys, the agreement of the measured band gap for the amorphous alloys with the calculation is remarkable. The results suggest that for this composition range the amorphous GaN 1−x As x alloys have short-range ordering that resembles random crystalline GaN 1−x As x alloys.
We have demonstrated the possibility of growing amorphous GaN 1−x As x films with variable As content on glass substrates. The large band gap range of the amorphous phase of GaNAs covers much of the solar spectrum and therefore this material system is a good candidate for full spectrum multijunction solar cells. The amorphous nature of the GaNAs alloys is particularly advantageous since no lattice matching is required and low cost substrates such as glass can be used for solar cell fabrication. The high absorption coefficient of ϳ10 5 cm −1 for the amorphous GaN 1−x As x films suggests that relatively thin films ͑on the order of 1 m͒ are necessary for photovoltaic application. This further reduces the cost of solar cells fabricated using this material. 
